This study aimed to investigate the possible influence of bacterial intra-and interspecies interactions on the ability of Listeria monocytogenes and Salmonella enterica to develop mixed-culture biofilms on an abiotic substratum, as well as on the subsequent resistance of sessile cells to chemical disinfection. Initially, three strains from each species were selected and left to attach and form biofilms on stainless steel (SS) coupons incubated at 15°C for 144 h, in periodically renewable tryptone soy broth (TSB), under either monoculture or mixed-culture (mono-/dual-species) conditions. Following biofilm formation, mixed-culture sessile communities were subjected to 6-min disinfection treatments with (i) benzalkonium chloride (50 ppm), (ii) sodium hypochlorite (10 ppm), (iii) peracetic acid (10 ppm), and (iv) a mixture of hydrogen peroxide (5 ppm) and peracetic acid (5 ppm). Results revealed that both species reached similar biofilm counts (ca. 10 5 CFU cm ؊2 ) and that, in general, interspecies interactions did not have any significant effect either on the biofilm-forming ability (as this was assessed by agar plating enumeration of the mechanically detached biofilm bacteria) or on the antimicrobial resistance of each individual species. Interestingly, pulsed-field gel electrophoresis (PFGE) analysis clearly showed that the three L. monocytogenes strains did not contribute at the same level either to the formation of mixed-culture sessile communities (mono-/dual species) or to their antimicrobial recalcitrance. Additionally, the simultaneous existence inside the biofilm structure of S. enterica cells seemed to influence the occurrence and resistance pattern of L. monocytogenes strains. In sum, this study highlights the impact of microbial interactions taking place inside a mixed-culture sessile community on both its population dynamics and disinfection resistance.
B
iofilms are commonly defined as communities of microorganisms attached to a surface or interface and producing an extracellular matrix in which these microorganisms are embedded (13, 66) . Biofilm formation is a natural phenomenon which happens almost everywhere microorganisms and surfaces exist in close proximity (28) . In the food industry, pathogenic biofilms have been of considerable interest in the context of food safety and have provoked the interest of many research groups (60, 78) . Obviously, the attachment of pathogenic bacteria to food contact surfaces and the subsequent biofilm formation are undesirable since the detachment of cells from the biofilm structure can lead to the cross-contamination of food products and cause food-borne diseases (4) . The risk becomes even more serious since the resistance of biofilm cells to antimicrobials is significantly increased compared with what is normally seen when the same cells are planktonic (21, 42) .
Listeria monocytogenes is a ubiquitous Gram-positive facultative intracellular bacterial pathogen which provokes listeriosis, a severe disease with high hospitalization and mortality rates, with the consumption of contaminated food being the principle mode of its transmission to humans (18, 35) . Salmonellae represent a group of Gram-negative bacteria that are recognized worldwide as major zoonotic pathogens for both humans and animals (6) . Notably, many L. monocytogenes and Salmonella enterica strains are capable of adhering to various surfaces, both biotic (e.g., plant and animal tissues) and abiotic (e.g., stainless steel and plastic), and create biofilms (for recent reviews see references 19, 56, and 64) . Attachment to surfaces is believed to be important for survival and persistence of these pathogens in food processing environments, with some strains being able to remain on equipment surfaces even for several years (7, 41, 48, 73) .
Apparently, biofilms can be formed by a single bacterial species. However, in the majority of natural and man-made environments, monospecies biofilms are relatively rare. Conversely, microorganisms are associated with surfaces in complex multispecies communities (74, 75) . Unfortunately, this complexity is not taken into consideration when microorganisms are grown in monocultures under laboratory conditions. The structural and functional dynamics of multispecies biofilms are largely due to the interactions between the different species (31, 47) . Thus, spatial and metabolic interspecies interactions contribute to the organization of multispecies biofilms and the production of a dynamic local environment (22, 69) . All of these interactions may often change the physiology of individual biofilm species, as well as the functions of the whole community (76) . Indeed, cell-to-cell interactions have been demonstrated to play a key role in cell attachment and detachment from biofilms, as well as in the resistance of biofilm community members against antimicrobial treatments (1, 5, 25, 40, 55, 62, 70, 71) .
The remaining microflora on inadequately cleaned and disinfected food processing surfaces is usually a complex community, contrary to the laboratory-studied pure-species biofilms (23, 43) . Evidently, bacterial pathogens, such as L. monocytogenes and S. enterica, can be entrapped in multispecies sessile communities formed on such surfaces. In addition, attachment and biofilm formation by these two species have been shown to be influenced by either the natural in situ presence of other species or just their metabolic by-products (8, 10, 11, 24, 26, 27, 29, 32, 33, 37, 38, 39, 46, 58, 77) . For instance, the presence of Staphylococcus xylosus and Pseudomonas fragi affected the numbers of L. monocytogenes biofilm cells on stainless steel (51) , while compounds present in Hafnia alvei cell-free culture supernatant inhibited the early stage of S. enterica serovar Enteritidis biofilm formation on the same material (10) .
A clearer understanding of the physiological behavior of multispecies biofilm communities formed by bacterial pathogens on abiotic surfaces in food processing environments could provide the information necessary to prevent their formation and therefore reduce the contamination of food products. Particularly challenging is the attempt to understand the complexity of interactions encountered within such communities and how this may influence the final community outcome and behavior (i.e., population, structure, composition, physiology, function, and resistance). Although L. monocytogenes and S. enterica are among the leading causes of food-borne illnesses worldwide, to the best of our knowledge, nothing is yet known about the formation of a dual-species biofilm composed of these two species.
To this aim, in this study, some selected L. monocytogenes and S. enterica strains (three strains per species) were left to form biofilms on stainless steel (SS) surfaces, under either monoculture or mixed-culture (mono-/dual-species) conditions. Mixed-culture biofilms were then subjected to disinfection by the application of some common chemical antimicrobial compounds (benzalkonium chloride, sodium hypochlorite, peracetic acid [PA], or a mixture of hydrogen peroxide [HP]-PA) (44) . Additionally, the composition of mixed-culture sessile communities, whether on not exposed to disinfection, with regard to L. monocytogenes strain occurrence, was evaluated by using a promising pulsed-field gel electrophoresis (PFGE) approach.
MATERIALS AND METHODS
Bacterial strains, media, and preparation of inocula. Bacterial strains used in this study are listed in Table 1 . They consist of 11 L. monocytogenes and 8 S. enterica strains isolated from different origins. Before utilization, all the microorganisms were stored frozen (at Ϫ80°C) in bead vials (Protect; Technical Service Consultants, Ltd., Heywood, Lancashire, United Kingdom), and each one was then resuscitated by the addition of one bead to 100 ml of brain heart infusion (BHI) broth (Lab M International Diagnostics Group, Bury, Lancashire, United Kingdom) in a conical flask and incubation at 37°C for 24 h (precultures). Working cultures were prepared by the addition of a 100-l aliquot of each preculture to 100 ml of BHI broth and incubation at 37°C for 16 h, at which time late exponential phase was attained for each strain. Cells from final working cultures were harvested by centrifugation (5,000 ϫ g for 10 min at 4°C), washed Biofilm formation on polystyrene microplates. The ability of 19 bacterial strains to form biofilms on polystyrene (PS) microtiter plates under monoculture conditions was evaluated by using the method described by van Merode et al. (72) , with some adaptations. Analytically, 200-l of each bacterial suspension in quarter-strength Ringer solution, containing ca. 10 8 CFU ml Ϫ1 , was transferred into a well of a sterile 96-well PS microtiter plate (655161; Greiner Bio-One/BioLine Scientific, Athens, Greece), and the plate was then incubated for 3 h at either 15 or 30°C, under static conditions, in order for the bacteria to attach on the parietes of the wells. Following the attachment step, the planktonic bacteria were removed (by using a multichannel pipette), and each well was then washed twice with quarter-strength Ringer solution to remove the loosely attached cells. Subsequently, 200-l of growth medium (100% tryptone soy broth [TSB] or 10% TSB [dTSB]; Lab M) was added into each well, and the plate was then incubated for 48 h at either 15 or 30°C under static conditions to allow the attached bacteria to grow and create biofilms. Growth medium was renewed at 24 h of incubation. Before the addition of fresh growth medium, each well was washed with quarter-strength Ringer solution. At the end of incubation, planktonic bacteria were removed by violently turning over the plate, and each well was then washed twice with quarterstrength Ringer solution to remove the loosely attached cells. Subsequently, 200 l of 1% (wt/vol) crystal violet solution (Sigma-Aldrich/Life Science Chemilab S.A., Athens, Greece) was added into each well, and the plate was then incubated for 30 min at room temperature (RT). After being washed three times with 200 l of deionized water to remove excess stain, the crystal violet was solubilized in 200 l of an ethanol-acetone mixture (80:20, vol/vol). Dye absorbance at 575 nm (A 575 ) was measured using a microtiter plate reader (Sunrise; Tecan, Männedorf, Switzerland).
Each experiment (strain) included four replicate wells and was repeated twice using independent bacterial cultures. As a control, wells initially filled with sterile quarter-strength Ringer solution and subsequently submitted to exactly the same procedure were used. In order to calculate the net amount of biofilm formed by each strain, the absorbance value of the control was always subtracted.
Biofilm formation on SS coupons. Stainless steel (SS) coupons (3 by 1 by 0.1 cm, type AISI-304; Halyvourgiki, Inc., Athens, Greece) were initially soaked in acetone (overnight) to remove any manufacturing process debris and grease. Coupons were then washed by soaking for 30 min at 50°C in a 2% (vol/vol) solution of the commercial detergent RBS 35 (Fluka/Life Science Chemilab, S.A.) with shaking, rinsed thoroughly with tap water followed by distilled water, and air dried. Finally, cleaned coupons were individually placed in empty glass test tubes (length, 10 cm; diameter, 1.5 cm) and autoclaved at 121°C for 15 min.
To produce biofilms on SS coupons, six strains were selected (three strains per species) and were left to produce biofilms under either monoculture or mixed-culture conditions. In the latter case, both mono-and dual-species conditions were included. Care was taken to select strains presenting different biofilm formation profiles (based on the results of biofilm formation on PS microplates) ( Fig. 1 ) and also having different isolation origins (i.e., clinical, food, or environment) in an attempt to pursue variability. For biofilm formation, two subsequent steps were followed: sterile coupons were initially incubated in saline bacterial suspensions (ca. 10 8 CFU ml Ϫ1 ) (bacterial attachment step), and afterwards coupons carrying strongly attached bacteria were incubated in periodically renewable growth medium (biofilm formation step).
For the attachment step, 5 ml of each bacterial suspension in quarterstrength Ringer solution, containing ca. 10 8 CFU ml Ϫ1 , was poured into each glass test tube containing a sterilized SS coupon and incubated at 15°C for 3 h under static conditions. Three different attachment conditions were studied: (i) monoculture using a bacterial suspension containing cells of only one strain; (ii) monospecies mixed culture using a bacterial suspension containing cells of three strains of the same species; and (ii) dual-species mixed culture using a bacterial suspension containing cells of all six strains of the two different species tested. In the last two cases, care was taken in order to ensure that the bacterial suspension contained approximately the same number of cells for each strain (ca. 10 8 CFU ml Ϫ1 ). Following the attachment step, each coupon was carefully removed from the glass test tube using sterile forceps and was thereafter rinsed by immersing for 5 min in 5 ml of quarter-strength Ringer solution, with shaking, in order to remove the loosely attached cells. After the rinsing step, each coupon was individually introduced into a new sterile glass test tube containing 5 ml of TSB and subsequently incubated at 15°C for 6 days (144 h), under static conditions, to allow biofilm development on the coupon. Growth medium was renewed every 48 h. During medium renewal, loosely attached cells were removed by rinsing (as described above).
Each experiment included three replicate coupons and was repeated twice using independent bacterial cultures.
Disinfection of mixed-culture biofilms formed on SS coupons. On the 6th day of incubation, each SS coupon carrying biofilm cells on it was carefully removed from the glass test tube using sterile forceps and was thereafter rinsed by pipetting two times with 10 ml of quarter-strength Ringer solution (each time) in order to remove the loosely attached cells. After being rinsed, the coupon was individually introduced into a new glass test tube containing 5 ml of disinfectant solution. Four different disinfectant solutions commonly used in the food industry were studied: (i) benzalkonium chloride (BC) at 50 ppm, (ii) sodium hypochlorite (NaClO) at 10 ppm, (iii) peracetic acid (PA) at 10 ppm, and (iv) a mixture of hydrogen peroxide and PA (HP-PA), each at 5 ppm. All chemical disinfectants were purchased from Sigma-Aldrich/Life Science Chemilab S.A., and their desired solutions were prepared in distilled water. Disinfection was carried out at 15°C for 6 min to imitate disinfection conditions encountered in real food processing areas.
Quantification of biofilm bacterial populations on SS coupons. The enumeration of viable biofilm bacteria on SS coupons was performed after 6 days of incubation in the TSB and after the disinfection treatment (for 6 min), which was performed by using the bead vortexing method described by Giaouris and Nychas (20) , with some minor adaptations. Briefly, each coupon was aseptically removed from the glass test tube and was then rinsed by pipetting twice with 10 ml of quarter-strength Ringer solution (each time). Between these two rinse steps, the coupon was immersed for 5 min in 5 ml of quarter-strength Ringer solution, with shaking, in order to better remove the loosely attached cells. After the second rinse, the coupon was transferred to a plastic centrifuge tube containing 6 ml of quarter-strength Ringer solution and 10 sterile glass beads (diameter, 3 mm) and left there for 10 min (at RT). In the case of enumeration of viable biofilm cells following disinfection, instead of quarter-strength Ringer solution, Dey-Engley neutralizing broth (BioChemica/Life Science Chemilab S.A.) was used. The plastic tube was then vortexed for 2 min at maximum speed to detach biofilm cells from the coupon. Detached cells were subsequently enumerated by agar plating after 10-fold serial dilutions. In the case of monospecies biofilm development, tryptone soy agar (TSA; Lab M) was used for the enumeration of bacteria. In the case of dual-species biofilm development, the cells of each species were enumerated using the following selective media: xylose lysine deoxycholate agar (XLD; Merck) for S. enterica and PALCAM Listeria Selective Agar (Merck) for L. monocytogenes. Plates were incubated at 37°C for 24 to 48 h.
Isolation of L. monocytogenes strains from mixed-culture biofilm communities formed on SS coupons. In order to monitor the individual contribution of each L. monocytogenes strain in both the development and resistance of mixed-culture (mono-and dual species) biofilm communities, 20 colonies were randomly selected from the highest dilutions of PALCAM Listeria Selective agars (used to enumerate the viable bacteria recovered from SS coupons by the bead vortexing method). Out of a total number of 200 colonies picked, half were recovered from the monospecies biofilms (containing only L. monocytogenes strains), while the other half were recovered from the dual-species biofilms (containing both L. monocytogenes and S. enterica strains). In particular, from each of the two biofilm-forming conditions (mono-and dual species), 20 colonies were recovered from the control treatment (i.e., without disinfection), and 20 colonies were recovered from each of the four disinfection treatments (BC, NaClO, PA, and HP-PA). All isolated colonies were stored at Ϫ80°C in TSB containing 25% (vol/vol) glycerol (Serva GmbH, Heidelberg, Germany).
PFGE analysis. Pulsed-field gel electrophoresis (PFGE) was performed according to Doulgeraki et al. (15) . All reagents were purchased from Sigma-Aldrich/Life Science Chemilab S.A.), unless otherwise stated. Briefly, each L. monocytogenes isolate recovered from biofilm communities was subcultured twice in 1.5 ml of TSB (Lab M) at 37°C for 24 h and 16 h. Cells were harvested by centrifugation (5,000 x g for 10 min at 4°C), washed with 10 mM Tris-HCl (pH 7.6) containing 1 M NaCl, and resuspended in 100 l of the same solution. Bacterial suspension was then heated at 37°C for 10 min, mixed with an equal volume of 2% (wt/vol) low-melting-point agarose (Bio-Rad Laboratories Inc., Athens, Greece) in 0.125 M EDTA (pH 7.6), pipetted into plug molds (Bio-Rad), and left there to solidify at 4°C. Bacterial cells in the solidified plugs were then lysed in situ in a solution containing 10 mg ml Ϫ1 lysozyme in 1 ml of EC buffer (6 mM Tris-HCl, 1 M NaCl, 100 mM EDTA, 1% [wt/vol] Sarkosyl, pH 7.6) for 16 h at 37°C. The lytic treatment was repeated with the same solution containing 2 U ml Ϫ1 mutanolysin. After treatment with 0.5 mg ml Ϫ1 proteinase K in 1 ml of 0.5 M EDTA containing 1% (wt/vol) Sarkosyl (pH 8) for 24 h at 55°C, the agarose plugs were washed twice for 1 h with 1 mM phenylmethylsulfonyl fluoride (PMSF) in 10 mM Tris-HCl containing 1 mM EDTA (pH 8.0) at 37°C and then stored at 4°C in 10 mM Tris-HCl containing 100 mM EDTA (pH 8.0) until further use.
The agarose plugs were cut with sterile coverslips, and slices (1 to 2 mm thick) of the plugs were washed three times at RT with 10 mM Tris-HCl containing 0.1 mM EDTA (pH 8.0) for 30 min with gentle agitation. Twenty units of the restriction enzyme ApaI (New England BioLabs/Bioline Scientific, Athens, Greece) was used for the restriction reaction, which was performed according to the manufacturer's recommendations. The digestion was stopped by adding 0.5 ml of 0.5 M EDTA (pH 8.0), and plugs were stored at 4°C until analysis.
Following digestion, slices were loaded into wells of a 1% PFGE-grade agarose gel (Bio-Rad), and the gel was run in 0.5ϫ Tris-Borate buffer (45 mM Tris-HCl, 45 mM boric acid, 1 mM EDTA) using a CHEF (contourclamped homogeneous electric field) DRII PFGE apparatus and cooling module (Bio-Rad) at 6 V/cm for 16 h, with a pulse time ramped from 1 to 10 s. Gels were then stained with ethidium bromide (0.5 g ml Ϫ1 ) in water for 1 h and destained for 2 h before being photographed using a GelDoc system (Bio-Rad). Conversion, normalization, and further analysis were performed using the Pearson coefficient and unweighted pair group method using averages (UPGMA) cluster analysis with GelCompar software, version 4.0 (Applied Maths BVBA, Saint-Martens-Latem, Belgium; kindly provided by E. Tsakalidou, Dairy Laboratory, Agricultural University of Athens).
Statistical analysis. All data were analyzed by analysis of variance (ANOVA) by the general linear model procedure of SPSS data analysis software for Windows (release 10.0.1; SPSS Inc., Chicago, IL). Least square means were separated by Fisher's least significant difference (LSD) test. All differences are reported at a significance level of an alpha of 0.05.
RESULTS

Monoculture biofilm formation on PS microplates under two temperatures and growth medium conditions.
The results of monoculture biofilm formation on PS microplates at two different temperatures (15, 30°C) and in two growth media (TSB, dTSB) are illustrated in Fig. 1A for the 11 L. monocytogenes strains and in Fig. 1B for the 8 S. enterica strains. It is apparent that, for both species, the influences of temperature and/or growth medium conditions on biofilm formation are strongly dependent on the strain studied. For instance, the L. monocytogenes FMCC_B-169 strain formed a low quantity of biofilm, independently of conditions (A 577 measurements ranging from 0.26 to 0.46), while the FMCC_B-125 strain formed more biofilm at 30°C, compared to 15°C for both growth medium conditions (Fig. 1A) . However, at 15°C, the latter strain formed more biofilm when cultivated in TSB than in dTSB. S. enterica strains formed, in general, more biofilm under low-nutrient conditions (dTSB) than under adequate-nutrient conditions (TSB) for both temperatures studied (Fig. 1B) . However, the FMCC_B-62 strain seems to form more biofilm when cultivated under adequate nutrient conditions (TSB) than under low-nutrient conditions (dTSB) (Fig. 1B) . In agreement with current results, a previous study of 122 Salmonella strains indicated that all had the ability to adhere to plastic microwell plates and that, generally, more biofilm was produced under low-nutrient conditions than under high-nutrient conditions (65) . It is worth noting that at 15°C in TSB (conditions used for the study of biofilm formation on SS coupons), almost all the S. enterica strains form low quantities of biofilm on PS microplates (Fig. 1B) .
Monoculture and mixed-culture (mono-/dual-species) biofilm formation on SS coupons. The results of biofilm formation on SS coupons by the three L. monocytogenes (FMCC_B-125, FM-CC_B-129, and FMCC_B-169) and the three S. enterica (FM-CC_B-42, FMCC_B-56, and FMCC_B-62) strains, cultured under either monoculture or mixed-culture conditions are presented in Fig. 2 . In the latter case, biofilms were left to be formed either by the three strains belonging to the same species (monospecies) or by the six strains belonging to the two different species (dual-species; three strains per species). Regarding monoculture conditions, L. monocytogenes strains FMCC_B-125 and FMCC_B-169 reached a sessile population of 6.11 and 6.27 log CFU cm , respectively). Likewise, in the case of dual-species mixed-culture conditions, both species presented similar biofilm populations (5.12 and 5.08 log CFU cm Ϫ2 for L. monocytogenes and S. enterica, respectively). Thus, the 51.7% of cells in the dual-species biofilm community belonged to L. monocytogenes strains, while the remaining 48.3% of cells belonged to S. enterica strains (see Fig. 4 ).
Chemical disinfection of mixed-culture biofilm communities formed on SS coupons. The effect of each 6-min disinfection treatment (BC, NaClO, PA, and HP-PA) against L. monocytogenes and S. enterica biofilm cells, cultivated under either mono-or dual-species mixed-culture conditions on SS coupons, was expressed as biofilm population log reduction (difference in log CFU cm Ϫ2 values just before and after the treatment) (Fig. 3) . In general, L. monocytogenes seems to be more resistant than S. enterica to the antimicrobial action of all tested disinfectants, independently of growth conditions (mono-/dual species). Results presented in Fig. 4 (i. e., percentages of remaining viable and killed biofilm cells) also support this. Thus, although both species reached, before disinfection, similar populations in the dual-species biofilm community (5.12 and 5.08 log CFU cm Ϫ2 or 51.7% and 48.3%, for L. monocytogenes and S. enterica, respectively), following disinfection, the dual-species community was composed mainly of L. monocytogenes (Fig. 4A) . Thereby, the percentage of viable L. monocytogenes cells in the dual-species community ranged from 67.6% following disinfection with PA to 97.1% following disinfection with BC (Fig. 4A) . Interestingly, all four disinfectants mainly killed S. enterica cells (Fig. 4B) . Thus, the percentages of killed S. enterica biofilm cells out of the total number of killed cells ranged from 93.8% following disinfection with HP-PA to 98.1% following disinfection with NaClO.
In general, interspecies interactions did not have any significant effect on the antimicrobial resistance of each individual species (Fig. 3) . When a small effect was observed (between monoand dual-species conditions), this was found to depend both on the species employed and the disinfectant applied (Fig. 3) . For instance, the antimicrobial actions of either BC or NaClO were similar between mono-and dual-species conditions for both species tested. In contrast, in the case of disinfection with either PA or the mixture HP-PA, interspecies interactions were found to influence antimicrobial resistance. Thus, both species were found to be less resistant to HP-PA when cultured together than under monospecies conditions, whereas S. enterica seems to present higher resistance to PA action under dual-species conditions than under monospecies conditions. Distribution of L. monocytogenes strains in the mixed culture biofilm communities. The individual contribution of each L. monocytogenes strain (FMCC_B-125, FMCC_B-129, and FMCC_ B-169) in the composition of mono-and dual-species mixed-culture biofilm communities formed on SS coupons, whether or not exposed to disinfection, is illustrated in Fig. 5 . Interestingly, PFGE analysis clearly revealed that the three L. monocytogenes strains did not contribute at the same levels to either the formation of the mixed-culture sessile communities or their antimicrobial resistance.
DISCUSSION
It is generally acknowledged that biofilms are the dominant lifestyle of bacteria in all environments, either natural or man-made. This sessile form of cell growth consists of slime matrix-embedded bacteria of either a single, but mostly of multiple, microbial species that form an interdependent structured community, capable of coordinated and collective behavior (49) . Although microbial interactions among bacteria have been studied primarily in planktonic culture systems (68), these are more likely to occur in multispecies biofilms in which genetically distinct bacteria may become attached to one another via specific molecules (47, 57, 76) . Bacterial interactions may be accomplished through extracellular compounds whose sole role is to influence gene expression, metabolic cooperativity and competition, physical contact, and the production of antimicrobial exoproducts (14) . One or all of these may be occurring simultaneously and begin to influence a biofilm during the initial stages of formation, bacterial attachment, and surface colonization and continue to influence the structure and physiology of the biofilm as it develops (31).
However, until now, most of the mechanisms regarding biofilm formation have been revealed by means of studying monospecies biofilms. In this study, the simultaneous biofilm formation by six selected L. monocytogenes and S. enterica strains was investigated. Obtained results (Fig. 2) revealed that both species displayed similar biofilm counts (ca. 10 5 CFU cm Ϫ2 ), independently of culture conditions (i.e., mono-/dual species). Although numerous previous studies have already shown that both L. monocytogenes and S. enterica are able to form mixed-species biofilms with other species, the absence of any other published work on dualspecies biofilms solely composed of these two species renders impossible any direct comparison. Leriche and Carpentier (38) stud- ied the adhesion and subsequent development of L. monocytogenes on SS surfaces in both the absence and presence of a Staphylococcus sciuri biofilm and interestingly found that after 3 days of culture, Staphylococcus biofilms prevented the adherent L. monocytogenes population from increasing within the biofilm, leading to an average logarithmic CFU difference of 0.9 to 2.7 between the pure and mixed culture. Similarly, the single-species biofilm of L. monocytogenes showed higher cell numbers than the mixed-species biofilm with Pseudomonas fragi (51) . In contrast, in another mixed-species biofilm of L. monocytogenes and Flavobacterium spp., the number of L. monocytogenes cells increased compared with a single-species biofilm, and, more importantly, L. monocytogenes was also recoverable for longer incubation periods (3) .
A broad study of the effect of 29 bacterial strains isolated from the food processing environment on L. monocytogenes biofilm formation on SS showed that coculture with four strains resulted in increased biofilm formation, while the other strains showed no effect or decreased biofilm formation (8) . Likewise, Zhao et al.
(77) screened 413 microbial isolates from drains in food processing facilities for antilisterial properties and found two isolates (Enterococcus durans and Lactococcus lactis) that were highly inhibitory to L. monocytogenes when cocultivated in binary biofilms. Mixed-species biofilm formation experiments of L. monocytogenes EGD-e with seven different Staphylococcus aureus strains showed that, except for one S. aureus strain, the number of L. monocytogenes cells in the mixed-species biofilm was similar to the number of L. monocytogenes cells in the single-species biofilm (58) . Chorianopoulos et al. (11) cocultured, on SS surfaces, five strains belonging to S. enterica, L. monocytogenes, Pseudomonas putida, Staphylococcus simulans, and Lactobacillus fermentum. Interestingly, in that study, mixed-culture biofilm was composed mainly of P. putida cells (97.8%), while S. enterica and L. monocytogenes represented together only the 2.2% of the population.
So far, limited studies have been conducted on the resistance of mixed-species biofilms to disinfectants (2, 11, 17, 50) . However, most of the relevant studies performed did not include results of and killed (B) following a 6-min exposure to the following disinfectants: BC at 50 ppm, NaClO at 10 ppm, PA at 10 ppm, and HP-PA at 5 ppm each. Control treatment is without disinfection. Dual-species biofilms were initially left to be formed on SS coupons incubated for 144 h in TSB at 15°C (with medium renewal every 48 h).
single-species biofilm resistance, making it impossible to judge whether there is any effect of interspecies interactions on the resistance of each individual species in the mixed community. In a recent study, Van der Veen and Abee (71) investigated the resistance of single-and mixed-species biofilms of L. monocytogenes and Lactobacillus plantarum, formed on PS microtiter plates, against benzalkonium chloride and peracetic acid. These colleagues showed that L. monocytogenes and L. plantarum grown in mixed-species biofilms were, under most conditions, more resistant to the disinfection treatments than single-species biofilms. In contrast, in current study, interspecies interactions did not seem to have any significant effect on the antimicrobial resistance of biofilm cells of each individual species (except for the case of HP-PA disinfection) (Fig. 3) . Obviously, all of these contradictory results highlight, if anything, the impact of variability of experimental setup (i.e., disinfectant, species, abiotic substratum, and environmental growth conditions) on the results obtained. Consequently, special care should be taken in making conclusions based on the results of a single study since biofilms seem to be very diverse and unique, not just to the microorganism, but to the particular environment in which they are being formed.
In current study, L. monocytogenes was found to present higher resistance than S. enterica to the antimicrobial action of all tested chemical disinfectants, independently of growth conditions (mono-/dual species) ( Fig. 3 and 4) . This was something quite expected, given the well-known greater capability of L. monocytogenes to adapt to survive and grow under a wider range of environmental conditions than S. enterica (18) . In order to discriminate between the three different L. monocytogenes strains with regard to their ability to contribute to the formation and maintenance of the mixed culture biofilm communities (mono-/dual species) as well as to their antimicrobial recalcitrance, a promising PFGE approach, already used by our team (15, 34) , was followed. In this study, PFGE analysis revealed interesting information regarding strain occurrence following the different treatments (control, BC, NaClO, PA, and HP-PA) (Fig. 5) . It is thus evident that although the initial inoculum used for biofilm formation contained the same number of cells for each strain (ca. 10 8 CFU ml Ϫ1 ), mature mixed-culture biofilms did not contain equal amounts of cells for each strain.
The question remains why some L. monocytogenes strains were found to dominate in each mixed-culture biofilm community. Obviously, results based on monoculture biofilm formation (Fig.  2 ) cannot provide any sufficient explanation. The higher initial attachment ability, the higher specific growth rate, and/or the better entrapment ability in the developing biofilm structure (and as thus released detachment) of some strains than other strains also present are quite probably accounting for this. A future study able to address some or all of these intriguing questions would therefore be of great interest. Additionally, PFGE results revealed that the three L. monocytogenes strains enclosed in the mixed-culture biofilm communities do not present the same resistance to the disinfectants tested, while the simultaneous existence of S. enterica cells seems to influence the occurrence and resistance pattern of L. monocytogenes strains (Fig. 5) .
Undoubtedly, microbial interactions among the different strains and species have a significant influence on the growth potential, survival, and more generally on the individual behavior of each strain (31) . One of the most common interactions in multispecies biofilms is competition (24, 53, 61, 67) . Microorganisms compete for nutrients, oxygen, and available space to colonize and subsequently try to inhibit the growth of other species/strains in biofilms. Toxic substances are secreted by many microbial species to kill or inhibit the growth of other species. In addition to competitive interactions, cooperative interactions also widely exist in multispecies biofilms and are essential for the overall biofilm fitness (5, 9, 37, 54) . A mutualism type of synergy in biofilm formation between S. enterica serovar Enteritidis and Klebsiella pneumoniae has also been reported (33) . Additionally, bacterial cells are able to communicate by releasing and sensing small diffusible signal molecules (autoinducers [AI]) in a process commonly known as quorum sensing (QS) (45, 63) . As biofilms typically contain high concentrations of cells, AI activity and QS regulation of gene expression are considered essential components of biofilm physiology (36, 52) .
In summary, microbial intra-and interspecies interactions encountered inside mono-and dual-species biofilms of L. monocytogenes and S. enterica were found to have a profound effect on both the population dynamics and the resistance pattern of each L. monocytogenes strain present. However, interspecies interactions did not significantly influence either the biofilm-forming ability or the antimicrobial resistance of each individual species. Following disinfection of dual-species sessile community with four common chemical antimicrobial compounds, the vast majority of cells killed belonged to S. enterica, and as a consequence the remaining viable community was mainly composed of L. monocytogenes cells.
However, in real food processing environments, the presence of many other microbial species clearly adds additional complexity to the behavior of multispecies biofilms since all incorporated microorganisms are able to compete, cooperate, and communicate with each other. Undoubtedly, further research is needed using a larger composite of strains and species to simulate better the conditions encountered in real, complex food processing ecosystems. The improved understanding of the physiology of multispecies biofilms formed by food-related bacteria could probably facilitate the development of methods for controlling bacterial biofilms in food areas.
